A LTHOUGH THE ' VASCULAR RESISTANCE' (i.e. mean pressure gradient divided by mean cardiac output) of the pulmonary vascular bed has been extensively studied (I, z), our knowledge of the mechanics of the pulmonary circulation does not allow us to account for, nor' to understand, observations of the highly pulsatile nature of the blood flow in the pulmonary capillaries (3). Neither the elastic properties of the pulmonary arterial tree, the pulmonary venous tree, or the pulmonary capillary bed, nor the inertial properties of the blood within them are known. At the inception of this study the dynamic response of the pulmonary vascular bed was neither known, nor could it be calculated from existing data.
Consider the conservation of energy in the system. The energy imparted by the right ventricle to the blood is found in three forms, namely, potential energy resulting from elastic recoil of the pulmonary blood vessels, kinetic energy attributable to the motion of the blood and blood vessel walls, and heat resulting from dissipative forces in the blood and blood vessel walls. The characteristics of the pulmonary circulation corresponding to these forms of energy can, to the first order of approximation, be described by the three parameters, vascular compliance, blood inertance and vascular resistance.
Vascular compliance plays an important role in the mechanics of the pulmonary circulation:
The magnitude of the compliance of the pulmonary arterial tree influences the energy expenditure of the right heart in propelling a given minute volume of blood through the pulmonary circulation.
As another example, changes in pulmonary artery pressure and left atria1 pressure induce comparable changes in resistance (4), presumably due to the distensibility of the small blood vessels. Few direct measurements of pulmonary vascular compliance h.ave been published. Hochrein (5) measured the compliance of a segment of the pulmonary artery in the dog. Sarnoff and Berglund (6) studied the pressure-volume characteristics of the entire pulmonary vascular bed in blood perfused, isolated dog lungs. Lanari and Agrest (7) measured the compliance of the pulmonary vascular bed in one lobe of the dog lung in situ. Howell, Permutt and Proctor (8) studied the effects of lung inflation upon the pressure-volume characteristics of the pulmonary vascular bed in excised dog lungs.
The present study was undertaken to determine the by a single number, the mean compliance, C = AV/AP," defined as the average change in volume, AV, of the bed divided by the average change in transmural blood pressure, AP, within the bed. Calculations were made on the dimensions of the vessels, and on the distribution of inertial mass in the pulmonary arterial tree. The experimental and calculated values so obtained were used to estimate the overall response of the pulmonary vascular bed to pulsatile pressures.
METHODS
The lungs were excised through the split sternum (9) from anesthetized (sodium pentobarbital, 0.35 mg/kg) heparinized (heparin, 4.5 "g/kg) rabbits following exsanguination.
Glass cannulae were introduced into the trachea, and into the pulmonary artery and left atrium via incisions in the right and left ventricles, respectively.
In some studies the left atria1 appendage was tied to reduce the compliance of the left atrium. The lungs were perfused with Krebs-Ringer's solution (IO) which was prepared from dry reagents, and was filtered and equilibrated with a 5% (202, 95% air gas mixture, I day prior to the experiment. In most of the experiments the lungs were suspended from the arterial and atria1 cannulae.
In If the change in volume, AV,, of the pulmonary arterial tree (between the entrance to the main pulmonary artery and the point at which fluid passes into the capillaries), and the corresponding change in pressure within the pulmonary arterial tree, AP,, are known, then the compliance, C,, of the tree can be calculated as follows: Ca = AV,/AP,. Consider the system at a time when Qa4 ml/set. of fluid enter the arterial tree via the pulmonary artery, and Q ml/set. of fluid flow out of the arterial tree, while the time rate of change of pressure is P,. During a small interval of time, At, a volume of fluid equal to (&At ml enters, and a volume of QAt ml of fluid leaves the system. The change in volume, AV., of the arterial tree during the time interval At is therefore equal to (&At -QAt. During the same interval of time the pressure in the system changes by an amount P,At. One therefore finds Thus the compliance of the pulmonary arterial tree can be calculated if one knows the rate with which fluid flows into the pulmonary artery, the rate with which fluid flows out of the arterial tree, and the time rate of change of arterial pressure. This approach was used to measure the pressure-volume characteristics of either the pulmonary arterial tree or the pulmonary venous tree.
In these experiments arterial inflow at a constant known rate was provided by a motor driven syringe acting as a ,perfusion pump; thus an was known. plethysmograph pressure when 1-3 ml of air were .withdrawn from the plethysmograph at a rate comparable to that with which N20 was absorbed during the experiment.
This was followed by a control run in which Ringer's solution was pumped through the air-. filled lungs, 1 while plethysmograph pressure was recorded to make sure that there were no gross changes in plethysmograph pressure under these conditions. The lungs were then passively ventilated by taking them through several deflation-inflation cycles with I 00% NZO gas. During the inflation period of the last cycle, the syringe pump was turned on to flush out fluid containing dissolved NZO gas from the precapillary portions of the bed. Here ac, is the portion of the pulmonary capillary flow equilibrating with alveolar gas, in milliliters per second; K is the reciprocal of the solubility of N20 in water (I 2), in moles of Hz0 X partial pressure N20 (mm Hg)/moles of N20 in solution; FA~,O is the mean fraction of N20 in dry airway gas measured by flushing gas back and forth through an infrared analyzer; T is the temperature, in degrees Kelvin; VL, is the time rate of change of lung volume deduced from the time rate of change of plethysmograph pressure. (3.33 X 10~) T converts K to units in which solubility is expressed as 9 A more precise expression, which was used in these experiments, results when the right side of eq. 2 is multiplied by the factor (I + VL&LPA + VL~PP~/VPPA) where VL, = lung gas volume (ml); PA = absolute pressure dry gas in airways (cm HQO); PP = absolute pressure dry gas in plethysmograph (cm HZO); VP = total plethysmograph gas volume (ml); Cr, = lung compliance (ml/cm HZO), AVA/APA; 7 = polytropic gas constant (7 = I for isoth ermal process, y = I .4 for adiabatic process).. The term VA/CLPA is a correction term for compressibility effects in the intrapulmonary gas resulting from changes in lung volume. The term VAPP~/VPPA corrects for the small effect which changes in plethysmograph gas pressure have upon lung volume.
In the rabbit lung neglect of the first correction term would have induced an error on the order of 8%. figure 6 and tables 3 and 4. The mean value for the compliance of the whole pulmonary vascular bed, not including the left atrium, was 0.69 ml/cm HZO. As seen in figure 6 , there was a pressure at which the vascular bed appeared to burst. The average bursting pressure in five experiments was 34 (range 27-40) cm H20.
Compliance of the larger vessels proximal to the point of occlusion with lycopodium spores was 0.09 for the pulmonary arteries and o. IO averaged 0.9 at the beginning of the experimental runs, and fell to an average of 0.6 after about an hour, the accuracy of these figures being on the order of &o.z:. The initial value of 0.9 is not far from the ideal exchange ratio which would be I .o providing all the assumptions and all the measurements involved in the nitrous oxide method were perfectly correct and if the lungs were a perfect medium for exchange of gas between the alveolar space and the blood (i.e. no shunts, diffusion barriers, blockage of ventilation or atelectatic regions).
DISCUSSION
This first part of the discussion concerns the experimental results, their validity, accuracy and interpretation. The different measurements are discussed in sequence.
Capillary Flow Method
The results obtained by the capillary flow method for the on-transient suggest that on the average more than 607~ of the compliance of the whole pulmonary vascular bed (not including the left atrium) in the isolated, Krebs-Ringer perfused rabbit lung resides in the venous tree, more than 25y0 in the arterial tree, and less than x50/G in the capillaries ( fig. 8) It was pointed out above that the capillary flow method allows one to determine the fraction of fluid passing through the lungs which becomes saturated with NZO. This fraction, the efficiency of gas exchange, is a function of a group of factors, including edema, arteriovenous shunts, and unventilated regions in the lungs all of which inhibit the gas uptake by the fluid passing through the lungs. During the course of our experiments, the gas exchange efficiency of the Ringer's solution perfused lungs fell, on the average, from 0.9 to 0.6 over a period of about I hour. The fall in efficiency can be attributed, at least in part, to the accumulation of edema fluid in the air spaces, since. at the end of experiment 25, for example, 60 ml of fluid were collected from the trachea when the lungs were inverted (table 6). Since the air volume in these lungs was normally not more than 150 ml, it is clear that an appreciable fraction of the airways was occupied by edema fluid. In spite of this, the N20 uptake at the end of experiment 25 had dropped to only one-half of maximum. In assessing the nature of these results two interpretations come to mind. First, the interference with gas uptake produced by the edema fluid may have been due to the formation of a film of fluid which lined the alveoli. Second, edema fluid accumulating in the more dependent portions of the lung, and plugs of froth or edema fluid may have effectively impeded the ventilation of large segments of the lungs. A simple calculation may help to distinguish between these two cases. If one assumes that the edema fluid is distributed as a film of uniform thickness over the respiratory surface (estimated at 3 m2) of the rabbit lung, the film thickness of such a layer consisting of I til of edema fluid is only one-third of a micron, a figure which must be compared to the wall thickness of a pulmonary capillary, which is approximately I micron. For a pulmonary vascular flow rate of I oo ml/min., the drop in partial pressure of N20 across this film can be estimated by simple diffusion theory, to be on the order of 0.1 mm Hg/ml of edema fluid when the partial pressure of N20 in the lung airways is on the order of 700 mm Hg. The presence of the film resulting from I ml of edema fluid would thus still allow the fluid in the capillaries to approach equilibration with the airway gas within 0.01 y0 of complete equilibration. These considerations suggest that the mechanism by which the edema fluid interfered with gas exchange was not primarily one in which a barrier to diffusion was created by the formation of an alveolar film of edema fluid, but one in which gas exchange in certain alveoli was almost completely prevented by interference of the edema fluid with their ventilation.
The compliance of the entire arterial or venous tree is lower during the off-transient ( 
Rate of Injection
One may expect the compliance of a system of blood vessels to be a function of the time rate of change of blood vessel volume (16)-the greater the time rate of change of volume, the smaller the compliance.
We have not observed any striking dependence of measured compliance upon injection rate, perhaps, because at our highest injection rate (IOO ml/min.) the rate of change of vascular volume was only one-tenth of that to which the bed would be subjected in a normal cardiac cycle in the intact animal.
Thus, the compliances obtained by the. various methods described above were determined under relatively static, i.e. 'quasistatic' conditions.
Em bolisation Method
Measurement of the compliance of the larger pulmonary arterial vessels to the point of embolization yielded a mean value of 0.09 ml/cm H20, which represents on the order of 15% ( fig. 8 ) of the compliance of the entire pulmonary vascular bed. The corresponding figures for the venous vessels are o. I: o ml/cm H20, or I 5% of the compliance of the vascular bed. The region of the bed investigated by this method is not well defined since the spores (mean diameter of single spore : 27 micra (I 3)) tend to cluster in aggregates of larger diameter.
The finding that glass beads of up to 300 micra diameter pass through the pulmonary vascular bed of the rabbit (I 7) whereas lycopodium spores do not; may well be accounted for bv this fact. The extensive use of the embolization method for the precise analysis of vascular beds therefore awaits the use of biologically inert particulate matter of uni- or&ate varies by a factor of 600,000,000 and abscissa by a factor of I ooo, the points fall close to a straight line. The latter can be written as log N = -k2 log D + log kl, where kl and kz are constants, from which it follows that to a good approximation the relation between N and D is of the form N = kD$.
form size which can form stable suspensions with physiological solutions. It is conceivable that these emboli induce vasoconstriction.
The data of Price, Hata and Smith (18) suggest that this may not be an important factor in isolated lungs. These workers embolized the pulmonary circulation with BaS04 in a canine heart-lung-head preparation. The resulting massive pulmonary hypertension was reduced to control levels after the cephalic circulation was eliminated. We shall proceed by developing a number of equations which describe the dimensions of the pulmonary vascular bed. With the help of these equations the inertance of the blood in the pulmonary arterial tree will be estimated.
Next, from estimates of the pul-.monary arterial pulse wave velocity it will be seen that to a first approximation transmission line effects can be neglected in the pulmonary arterial tree. The response of the pulmonary arterial tree to pressure excitations of various frequencies will then be evaluated. As more and better data become available in the future it will be possible to develop a more accurate set of calculations.
Meanwhile, those developed below may serve to indicate what data urgently need to be obtained.
Dimensions of Pulmonary Blood Vesds

Miller
(I g) has counted the number of blood vessels of a given size in the lungs of a single dog, though he did not publish data on the lengths of these vessels. We have been unable to locate any other quantitative description of the pulmonary vascular bed. To help fill this gap a series of calculations will now be described which have allowed us to estimate the size and number of blood vessels in the rabbit lung.
We first derive an equation from which the number of blood vessels of a given diameter can be calculated. Following Hess (20) and Fleisch (21) let us consider the dichotomous branching of a vessel of diameter Do and cross-sectional area Ao, into two daughter vessels each having a diameter D1 and a cross-sectional area Al. The branching coefficient, xm, is defined by
A dichotomously branched bed ( fig. g ) can be divided into a series of zones or regions labeled z 4 o, I, 2, . . . . Let N equal the number, and D the diameter of the vessels in the zth region, than
For a bed in which the branc constant at all branch points hing coefficient, xln, is 
Taking Do and xm to be constants for any given bed, equation 6 can be written in the form N= kID-k2, (73 where kl and kg are positive constants. Equation 7 is one of the basic elements in the calculations which are to follow. This equation plots as a straight line on loglog co-ordinates.
It is consistent with the anatomical data obtained by Miller (rs> in the dog lung, as can be seen by the fact that a log-log plot of this data ( fig. IO ) falls on a straight line. The vascular bed described by equation 7 need not be uniformly dichotomous; instead this equation may be interpreted as a statistical expression from which estimates of the number of blood vessels of a given size in a specific vascular bed can be found. Since there can only be an integral number of blood vessels of a given diameter, it is clear that the equation is meaningful only when N is an integer. It is also necessary to obtain a relationship between blood vessel diameter and blood vessel length. We note that a large number of different pathways are available to erythrocytes for their traversal of the pulmonary vascular bed. In man there are on the order of ten billion capillaries (I I, p. 64) in the pulmonary circulation and therefore at least ten billion different pathways. Let us define a mean path of length L, which embodies the average dimensions of all possible paths. One can then conceive of an idealized pulmonary vascular bed of perfect symmetry, in which any path is the same as any other, and in which the arteries and veins are mutually symmetric. Every path in this bed will be a mean path. A coordinate axis for the mean path can be devised in principle by threading an imaginary fine wire, which has centimeter calibrations marked on it, along the mean path through the pulmonary artery and down to the capillaries.
An arbitrary point along this axis will be denoted by the variable X, which, setting the origin of this co-ordinate at the capillaries, is It follows from equations 7 and 8 that (I I, p. 75) The results for the lungs of a q-kg rabbit are summarized in table 7.
In his theoretical investigations of the size of blood vessels, Hess (20) found that energy losses resulting from the flow of blood were minimized when the branching coefficient, xm, of equation 3 above equals the cube root of 2 which is I .26. By comparison, the branching coefficient for the vascular bed represented by the constants of table 7 is I .23. For the bed for which xm is precisely equal to the cube root of 2, kZ is found to be prebisely equal to 3. The four unknowns, kl, k2, k3 and k4, can be determined from equations 7, I o and I I, by requiring that the pulmonary vascular volume, Vo, the mean path length, L, the number of capillaries, and the diameters of the pulkz = (log NJ/log (Da/J%>.
The inertance, M, namely the effective mass of fluid which must be accelerated when flow varies with time, will now be estimated for the pulmonary arterial tree, subject to the following approximations: a) the velocity of flow is taken to be constant over the cross-section of any given blood vessel; b) fluid motion transverse to the blood vessel axis is neglected.
Consider a region in the arterial tree which lies between the points X and X + dX, and let the total vascular cross-sectional area of the bed in this region be A. By Newton's second law, the pressure drop due to inertial forces, dPin.2 between the two points is related to the time rate of change of blood flow velocity, 6 by dPi*. A = PAtidX.
The quantity p(dX/A) is defined as the inertance of the blood in the region of the bed which lies between X and X + dX. 
I where X, = speed of pulse wave along blood vessel axis (cm/set.), V, = pulmonary arterial blood volume (ml), G = pulmonary arterial compliance (ml/cm HZO). For a 4-kg rabbit for which V, is estimated to be 6.5 ml, and C, to be 0.17 ml/cm Hz0 (table I) on the order of 270 cm /sec. for quency equals pulse wave velocity, the wavelength of the fundamental of the pulse wave in the pulmonary arterial tree of the rabbit is found to be on the order of 60 cm (zoo cm/sec/2oo cycles/min/6o sec/min.). The mean distance from the right ventricle to the pulmonary capillaries is on the order of half the mean path length. This corresponds to a distance of 6 cm (table  7) . Since the wavelength of the fundamental is ten times the length of the system, it would appear that to the first approximation, transmission line effects can be neglected in the analysis of the dynamics of the pulmonary arterial tree. To state this another way, in relation to normal time rates of change of pressure, pressure changes can be considered to occur almost simultaneously throughout the pulmonary arterial tree.
Mechanical Resjmnse of Pulmonary Vascular Bed
The pulmonary vascular bed is, as is any other system of blood vessels, a distributed system, When the distribution of compliance, resistance and inertance in the system becomes known in the future, no great difficulty may be anticipated in treating the system as such with the aid of modern computers.
At present, however, it is convenient to treat this continuous system, to the first approximation, as a lumped system, and to deduce some of the more salient aspects of its behavior in terms of this considerably simpler representation. This approximation would not be applicable in the systemic circulation where the vascular bed is considerably longer than the pulmonary vascular bed. Since inertance diminishes as the cross-sectional area increases toward the minute vessels, the greatest contribution to the inertance of the pulmonary arterial tree arises from the larger arteries. It is also likely that a large part of the fluid flow resistance, R, of the pulmonary vascular bed as a whole resides in the vicinity of the smallest vessels such as the pulmonary capillaries (23). To a first approximation, then, the pulmonary arterial tree will be represented by the lumped impedance model of figure I 2. In this representation the right ventricle can be thought of as a device which injects fluid into the system at: such a rate that the variation of pressure with time, P&t), at the 'input terminals' corresponds to the pressure profile normally found in the pulmonary artery.
How Since the differential equations governing the system described by figure 12 are linear, the flow produced by the pressure PO(t) In this particular system the larger the resistance, R, the smaller the damping, since as R approaches infinity the system approaches simply an inertance and a compliance in series. l3 For the pulmonary arterial tree of a 4-kg rabbit the critical damping resistance is on the order of IOO dynes set/cm ! The actual resistance of the whole pulmonary vascular bed is on the order of 7000 dynes set /cmV4 Hence, the pulmonary arterial bed is highly . underdamped.
By the time the pressure wave reaches the left atrium, however, it is largely damped out. This is probably a consequence of the filtering action of the pulmonary veins and left atrium, the compliance of which, on the basis of the data obtained with isolated rabbit lungs, would exceed the compliance of the pulmonary arterial tree by a factor of four. The result is consistent with the observations of Lee and DuBois (3) who demonstrated that pulmonary capillary flow is highly pulsatile in man even to the extent that the dierotic notch appears to be visible in the capillary flow waveform.
Thus it seems that the pulmonary arterial tree is underdamped, and that damping of the pulse takes place largely in the capillary and venous beds.
ransienf Resjbonse Pdmonary Arterial Tree
It may be possible to estimate the compliance of the pulmonary arterial tree from a recording of the pulmonary artery pulse wave profile, if estimates of cardiac output, and left atria1 pressure are available (I I, p. 25). The approach is to consider the discharge of fluid from a system of constant compliance through a constant fluid flow resistance. One assumes that fluid flow resistance, R, of the bed remains constant in the time interval, t, between the occurrence of the dicrotic notch, and the end of diastole, and that left atria1 pressure is constant throughout the diastolic interval under consideration. The compliance of the pulmonary arterial tree, C,, is then given byI c, = t/R log, Cp n -'PLJ (p d -PL) where P, and Pd are the arterial pressures at the dicrotic notch and at the end of diastole, respectively, PI, is the mean pressure in the left atrium and t is the time interval between P, and P & The following magnitudes in 13 We are indebted to Dr. Herman P. Schwan for calling our attention to this most interesting fact. l4 In the analog of fig. 12 the resistance which damps the flow in the pulmonary artery lies at the termination of the arterial tree. To this approximation, then, the pulmonary arterial damping resistance is taken to be the resistance of the vascular bed as a whole, rather than that portion of the resistance which lies in the pulmonary arterial tree itself. 
